Carriers of red-green color-vision deficiencies are generally thought to behave like normal trichromats, although it is known that they may make errors on Ishihara plates. The aim here was to compare the performance of carriers with that of normal females on seven standard color-vision tests, including Ishihara plates. One hundred and twenty-six normal females, 14 protan carriers, and 29 deutan carriers aged 9-66 years were included in the study. Generally, deutan carriers performed worse than protan carriers and normal females on six out of the seven tests. The difference in performance between carriers and normal females was independent of age, but the proportion of carriers that made errors on pseudo-isochromatic tests increased with age. It was the youngest carriers, however, who made the most errors. There was considerable variation in performance among individuals in each group of females. The results are discussed in relation to variability in the number of different L-cone pigments.
INTRODUCTION
If a female is either the mother or the daughter of a red-green color-vision-deficient male, she is an obligatory carrier of the cone-opsin gene encoding for the male relative's deficiency (for a review, see Ref. [1] ). About 15% of women are heterozygous carriers of X-linked red-green color-vision deficiencies [2] , where the expected numbers of protan and deutan carriers are ∼4.2% and ∼11.7%, respectively (for calculation, see Ref. [3] ). Classical color-vision theory implies that carriers of red-green color-vision deficiencies should not show any manifestations of the defect, due to the recessive behavior of the defective gene of one X-chromosome [4, 5] . But many carriers present with a slight or moderate reduction in color vision in that they make more errors on the Ishihara test than normal trichromatic subjects do (for an overview of previously published results, see Table 1 ). Some carriers may also exhibit a shift in Nagel match midpoint (MMP) and an enlarged Nagel matching range (MR) when tested by Rayleigh anomaloscopy [2, [6] [7] [8] [9] . Protan carriers are less sensitive to red light, a characteristic known as Schmidt's sign [6, [10] [11] [12] . Deutan carriers, on the other hand, are more sensitive to red light [12] [13] [14] [15] . The latter is termed De Vries' sign and is said to be more difficult to demonstrate than Schmidt's sign [14, 16] .
The variation in behavior observed in carriers is attributed to two different processes. The first is related to variation in the mosaic of patches with normal or defective cone photoreceptors on each individual's retina [22] . A female carrier has two different forms (allele) of the M-or L-opsin gene on each X-chromosome [23] : one inherited from the father and the other from the mother. Which X-chromosome will be expressed in a given cone cell is determined by a process known as X-chromosome inactivation [24] , which ensures that only one allele is expressed per cone [23] . This, in combination with the random distribution of cones in the human retina [25] [26] [27] , results in a mosaic of patches of cones that express the same allele [28] , either the mutant allele or the normal allele. This process also results in retinas expressing four different types of cone pigments (one anomalous L-or M-cone pigment in addition to the normal L-, M-, and S-cone pigments [6, 14, 22, 29] ). Normal females may also express four different cone pigments due to polymorphic variation in the spectral sensitivity of the normal L-and M-cone pigments [30] . A carrier's L-and M-cone mosaic can vary from mainly containing cones expressing the normal allele to mainly containing cones expressing the mutant allele [15, 22] . It has been argued that this correlates with color discrimination ability. That is, the more cones that express the opsin pigment of the normal allele, the more likely is it that a carrier will have normal color discrimination and hue perception [31, 32] . A second process implied to be of importance is the process that determines whether the expressed cone-opsin pigment is of L-or M-type [33, 34] . This determines the individual's L:M-cone ratio, and it has been argued that the closer the L:M-cone ratio is to unity for an individual, the better is the color opponency and the better is the chromatic discrimination [35] . A recent study by Hood et al. [12] reported that deutan carriers had poorer color discrimination than protan carriers and normal trichromatic observers. They argued that the difference between deutan and protan carriers is related to differences in L:M-cone ratios, as deutan carriers on average are expected to have more L-cones and therefore, a skewed L:M-cone ratio. There are few reports on how normal females and carriers perform on standard color-vision tests (for a review, see Ref. [19] ). There are no reports on how adult females and carriers perform on either the 4th edition of the Hardy-RandRittler or Neitz Test of Color Vision (NTCV), or on how carriers perform on the Cambridge Colour Test (CCT). Given the expected variation in genotype among normal females and carriers [36] , it is of interest to look at how both preadolescents and adults perform on a range of standard color-vision tests.
METHODS
A. Participants One hundred and twenty-six normal females, 14 carriers of protan deficiencies, and 29 carriers of deutan deficiencies participated in the study, aged between 9 and 66 years. Information concerning the participants' and their families' color vision was gathered prior to testing using a short questionnaire. Participants were selected based on the answers given. Subjects with no known color deficiencies in their family served as controls (normal females). Subjects with a colordeficient father or son were included as obligate carriers, and the father or the son was invited to participate. Subjects with color-deficient brothers, uncles, grandfathers, or other color-deficient family members were excluded from the study. None of the normal females were aware of any color-deficient relatives. Neither the normal females nor the female carriers had any systemic diseases or were taking any medicine that might have affected their color vision. All female carriers were of Caucasian origin, whereas four of the normal females were of Asian origin and three were of African origin.
The participants included in the study were recruited from two different populations: (1) 39 normal females, 8 protan carriers, and 15 deutan carriers, aged 9-54 years, as well as 8 protanomalous, 1 deuteranope, and 13 deuteranomalous male relatives of carriers, aged 8-43 years, were recruited from a previous screening study [19] . This study was carried out at primary schools in the Kongsberg, Notodden, and Bø municipalities of Norway. Two of the carriers had the same father. (2) Eighty-seven normal females, 6 protan carriers, and 14 deutan carriers, and 2 deuteranomalous and 1 protanomalous male relatives of carriers aged 18-66 years were recruited from among optometry students and employees at Buskerud University College (BUC). There is always a possibility that an adult male subject in the study may not be the daughters' biological father. One has to trust the answer given by the family on this matter, as it is the only possibility for examining the color vision of young carriers, unless genetic analyses of cone-opsin pigments are included. Genetic analysis was not carried out in the primary school population. Twelve of the carriers from the BUC population participated in a different study where genetic analysis was included and their carrier status was confirmed (details not included here). The status of five remaining carriers was unconfirmed. The study was carried out in accordance with the principles embodied in the Declaration of Helsinki (Code of Ethics of the World Medical Association) and was approved by the Regional Committee for Medical Research Ethics for the Southern Norway Regional Health Authority. Written informed consent was obtained and signed before any experiments were carried out.
B. Procedure
Color discrimination ability was assessed using the following color-vision tests: Ishihara PIC plates (24- Several girls made errors on Ishihara test; only three were confirmed as deutan carriers, whereas the other girls (number not specified) were only suspected to be carriers.
Color), Rayleigh anomaloscopy and luminance matching (HMC Oculus Anomaloscope MR, Type 47700, Oculus Optikgeräte GmbH), and Medmont C-100 (Medmont Pty Ltd).
Rayleigh anomaloscopy and CCT test were administered only to participants over the age of 18 years. Males and females were tested with the same color-vision tests. The actual data of male relatives are not included here. Each test was administered and performed according to standard guidelines. The first author, a trained optometrist, collected all data.
The Medmont C-100 and NTCV tests were performed under a combination of fluorescent lighting and natural daylight. NTCV was performed twice, both times binocularly, using two different versions of the test. Medmont C-100 test was performed monocularly, with participants repeating the test four times for each eye. The Ishihara, HRR, and FM100-Hue tests were performed under controlled illumination, in a dark room with the lamp "True Daylight Illuminator with Easel" (correlated color temperature 6200 K, model number 1339R, Richmond Products). Participants were retested a second time if they made errors on the HRR screening plates. The Ishihara and HRR plates were illuminated at 1015 (34) lx in the plane of the plates. The FM100-Hue test was illuminated at 970 (78) lx in the plane of the caps. CCT and Rayleigh anomaloscopy were performed binocularly and monocularly, respectively, in an otherwise dark room.
C. Statistical Analyses
The design of this study was descriptive and analyses were based on performance on standard color-vision tests. This design was used to characterize female carriers' performance on various color-vision tests, compare with that of normal females, and also to assess the color discrimination abilities of young carriers compared with that of adult carriers. Statistical analyses were performed using IBM SPSS Statistics Version 20. Paired t-tests (two data sets) or one-way between-group analysis of variance (ANOVA), including multiple pairwise post hoc comparisons with Bonferroni corrections, were employed where appropriate. Otherwise, Kruskal-Wallis H-test was carried out. Fisher's exact test was used to analyze categorical data as the sample size in the contingency tables was small (less than 5). Table 2 shows the age distribution for the participants. Results are presented for six age groups: 9-12, 18-29, 30-39, 40-49, 50-59, and 60-66 years. The carriers and normal female observers were age-matched. Figure 1 shows the percentage of deutan and protan carriers, as well as normal females, who failed one or more of the PIC tests (Ishihara, HRR, and NTCV). The criteria for failing the Ishihara, HRR, and NTCV tests were three or more mis-readings, two or more mis-readings on the screening plates, and one or more errors, respectively. Table 3 shows failure rates per test. The HRR and NTCV guidelines require a retest to be carried out if errors are made in the first sitting [37, 38] . The failure rates reported for these two tests are, therefore, based on errors made in the second sitting. Fisher's exact test was employed to explore differences in failing rates between the three different color-vision groups. Both deutan (p 0.001) and protan carriers (p 0.031) failed PIC tests significantly more often than the normal females ( Fig. 1 and Table 3 ): 14 of 29 (48.3%) deutan carriers failed one or more of the PIC tests compared with 4 of 14 (28.6%) protan carriers and 15 of 126 (11.9%) the normal females. One of 29 (3.4%) deutan carriers failed both HRR and NTCV compared with 1 of 14 (7.1%) protan carriers and 1 of 126 (0.8%) the normal females.
RESULTS

A. PIC Tests
Deutan carriers made more errors on Ishihara test and failed the test significantly more often than the normal females (p 0.049). There was no significant difference between protan and deutan carriers or between protan carriers and normal females.
Deutan carriers failed HRR significantly more often than the normal females (p 0.024, see Table 3 ). There was no significant difference between protan and deutan carriers or between protan carriers and normal females, although protan carriers made more errors when compared with the normal females. None of the participants made any errors on the diagnostic plates or the tritan plates of the HRR test.
The deutan carriers made more errors and failed the NTCV test significantly more often than the normal females (p 0.009). There was no significant difference between protan and deutan carriers or between protan carriers and normal females. Seven out of 29 deutan carriers made the same errors as their color-deficient fathers/sons on this test. The most common plate to fail on the NTCV was plate D1 (mild deutan, figure 9 on test forms 1 and 2, and figure 6 on test form 3). None of the participants made any tritan errors on the NTCV test.
The youngest participants made more errors and failed the PIC tests more often than the older age groups (Fig. 1 ), but the difference was not significant. One deutan carrier made eight errors on the Ishihara test, and failed both HRR and NTCV. She would typically have been classified as color deficient if she had been a boy. Table 4 . Deutan carriers required more green and protan carriers required more red when compared with the normal females. These differences were significant between deutan and protan carriers (p 0.005) and between deutan carriers and normal females (p 0.014). There was, however, no significant difference in Rayleigh MMPs between protan carriers and normal females. There were significant between-group differences in MR [F2; 118 3.64, p 0.029] and near-significant differences in matching luminance [F2; 118 2.96, p 0.056]. These differences were for protan carriers. They had a significantly larger MR compared with the normal females (p 0.027) and they set a matching luminance that was lower than that of the deutan carriers (p 0.051). Age did not influence the Rayleigh MMP, MR, or luminance settings.
C. Medmont C-100
The median, interquartile range, and full range of null-points set by the participants on the Medmont C-100 test are shown in Fig. 3 , with mean and standard deviations shown in Table 4 . Multiple comparisons were carried out to explore differences in null-point settings within one or between the eye(s). Table 4 shows the results of FM100-Hue calculated as the sqTES. ANOVA was conducted to explore the impact of color-vision status and age on sqTES. There was no significant difference in sqTES between carriers and normal females or between deutan and protan carriers in any of the age groups. There was a within-group difference in all three color-vision groups with regard to age. The 9-12-year-old girls, regardless of color-vision status, exhibited a higher error score than those aged 18 years or older (Fig. 4) . This age difference was only significant for the normal females [F5; 119 20.6, p 0.000-0.002]. The difference in variability (square of one standard deviation) in sqTES was explored with t-test, and was, however, significantly greater for the deutan carriers (M 13.7, SD 5.2) than for the normal females [M 12.8, SD 3.2, t42 5.0, p 0.000] and the protan carriers [M 9.9, SD 2.8, t6 4.5, p 0.002] in the youngest age groups. There was no difference between protan carriers and normal females.
D. FM100-Hue Test
A total of 11 of 29 (37.9%) deutan carriers, 6 of 14 (42.9%) protan carriers, and 35 of 125 (28.0%) normal females exceeded the age-matched upper limit of TES for a given Fig. 1 . Percentage of participants who failed one or more of the pseudo-isochromatic (PIC) tests, Ishihara, HRR, and NTCV, presented for normal females (NT), protan carriers (PC), and deutan carriers (DC). The criteria for failing the Ishihara, HRR, and NTCV tests were three or more errors, two or more errors on the screening plates, and one or more errors, respectively. Table 5 shows the results of the CCT for 15 of the deutan carriers, 6 of the protan carriers, and 87 of the normal females aged 18-66 years. The deutan carriers' performance was worse (higher scores) along both protan and deutan axes when compared with that of the protan carriers and the normal females. This performance difference was replicated for the Ellipse test, with deutan carriers having a longer length value than both protan carriers and normal females. These differences were explored with Kruskal-Wallis H-test, but were not found to be significant. This might be explained by the large variability (square of one standard deviation) in error score along both protan and deutan axes for deutan carriers compared with protan carriers [t19 60. 
E. Cambridge Colour Test
DISCUSSION
Very few studies have examined how females perform on standard color-vision tests (for a review, see Ref. [19] ). The present study is the first that examines both normal females and carriers' performance on several color-vision tests, including that of young carriers ( Table 1 ). The results show that, particularly, deutan carriers perform worse than both protan carriers and normal females of the same age. The difference between carriers and normal females is independent of age, but the proportion of carriers that made errors increased with age. The younger carriers (9-12 years), however, failed more color-vision tests than the others and it was in this group that one deutan carrier performed as poorly as a color-deficient boy. Discrimination skills, including color discrimination, improve through adolescence [40] [41] [42] [43] [44] [45] [46] . Thus, some preadolescent carriers, who make errors on more than one color-vision tests, may have exacerbated problems with color vision due to the combined effects of being a carrier and having an immature visual system. It is 50 years since Krill and Schneiderman [8] argued that carriers and some normal females might not fall within the normal range when tested with standard color-vision tests. Several authors have confirmed this finding for carriers [7, 47] , including Verriest [48] who showed that about 15% (14 of 89) of heterozygotic adult carriers scored worse on Ishihara plates than normal male and female subjects. Subsequently, several authors have reported similar findings with Ishihara plates (control groups have been a mixture of male and female normal trichromats; see Table 1 for an overview). The results here show that 17% of deutan carriers and 7% of protan carriers compared with about 6% of normal females made three or more errors when tested with Ishihara plates (Table 3 ). If one assumes that the normal females are normal trichromats, then the PIC tests show poor sensitivity, but good specificity. The HRR test is more sensitive and specific than the Ishihara test (0.19 and 0.98 versus 0.14 and 0.94) for finding a carrier, in particular if one looks at the difference in performance on the two tests between the protan carriers and the normal females. The same number of deutan carriers fails the HRR test compared with the Ishihara test, whereas three times as many protan carriers and about a third of the normal females fail the HRR test compared with Ishihara. Thus, it is possible that the three (2.4%) normal females that fail the HRR test are in fact carriers. Two of these are in the 9-12-year and one is in the 50-59-year age group. One of 9-12-year olds failed both the HRR and the NTCV test, the double criterion that has proved to pick up the expected number of color-deficient boys [19] . The NTCV test was the only PIC test on which several of the deutan carriers made specific deutan-like errors and the PIC test the one in which most deutan carriers failed (Table 3) . That is, 7 out of 29 deutan carriers actually show that they partly share their father's/son's color-vision deficiency just as Krill and Schneiderman [8] have shown earlier.
A. Color Discrimination (FM100-Hue and CCT)
The error score on the FM100-Hue test is known to change with age for normal trichromats [40, 41] and the results for carriers show a similar U-shaped function (Fig. 4) . Although the children's performance is worse than that of the adults, it is known that they understand the concept of seriation, as shown by tests with varying gray levels [49] . Thus, the large variability in the youngest age groups is arguably due to variation in the maturation of visual discrimination skills [46] . Twice as many carriers as normal females exceeded the age-matched upper limit of TES for a given age [40] , but the carriers did not perform poorer than the normal females. Verriest [48] argued that carriers exhibited higher error scores than normal trichromats, but he tested at 100 lx, which is considerably lower than that in the present study (at nearly 1000 lx). It is possible that some carriers' color vision might be more compromised under lower light levels [20] . This might explain the discrepancy in the literature as to whether or not carriers perform worse than normal trichromats on the FM100-Hue test [6] [7] [8] 48 ].
The obligatory deutan carriers' performance on the CCT test is significantly more variable than that of the protan carriers and the normal females along both the protan and deutan axes (Table 5) . But, the CCT Trivector test was not able to single out the carriers from the normal females. The only other report of carriers' performance on the CCT Trivector and Ellipse test is that by Regan et al. [39] who described a single protan carrier who, on average, exhibited ellipses on the CCT Ellipse test that were oriented at a lower angle than those of the normal trichromatic observers. In the present study, the deutan and protan carriers exhibited ellipses that were on average oriented at a lower and higher angle, respectively, but the differences were not significant (Table 5 ). This implies that carriers might not show a specific angle on the CCT Ellipse test. The mean values for all of the normal females are higher than the scores reported by Paramei [50] , most likely due to a shorter stimulus presentation time in the present study (3 s versus 8 s) . The observed age-related decline in S-cone sensitivity was independent of color-vision status, and has been reported previously for normal trichromats [45, [50] [51] [52] [53] .
B. Reduced Sensitivity in the Medium-and Long-Wavelength Regions
The protan carriers required on average more red, whereas the deutan carriers required more green both when setting the Rayleigh match ( Fig. 2 and Table 4 ) and the null-point on the Medmont C-100 ( Fig. 3 and Table 4 ). Similarly, protan carriers set a lower matching luminance and deutan carriers higher than that of the normal females on the Rayleigh match. These findings confirm previous reports [6, 12, 13] , referred to as Schmidt's [6, 10, 12] or De Vries' sign for protan versus deutan carriers, respectively [14, 16] . There was a significant difference between protan and deutan carriers on both tests, but the large overlap between the normal females and the carriers makes it difficult to single out a carrier from her normal female peers based on the Rayleigh MMP or the Medmont C-100 null-point.
Normal trichromatic subjects who perform the Medmont C-100 test are expected to have their null-points between −2 and 2, with an average setting biased toward the green range (results based on 23 normal trichromats, sex unknown; Ref. [54] ). Other studies have reported similar results, where normal trichromats set their null-point to 0.0 [55, 56] . These two studies included in total 6 normal trichromats, 13 protan carriers (nine obligatory and four assumed carriers), with nullpoint settings ranging from −1.0 to −3.5, six protan-deficient males (−3.0 to −4.0), and two deutan-deficient males (1.0 to 2.0). The suggested normal null-point range in the results presented here was between −4.31 and 0.44 (Table 4 ). The Medmont C-100 test has been found to show valid and repeatable results on color-deficient subjects [57] , but the null-point may vary between instruments.
The variation in flicker photometry settings, such as Medmont C-100 null-points in the present study, has been suggested to reflect variations in the L:M-cone ratios [12, 21, 32] . A carrier is expected to have an altered L:M-cone ratio compared with normal trichromats [58] . Deutan and protan carriers as groups fall on either side of the median null-point setting of normal females, perhaps reflecting low numbers of M-versus L-cones, respectively (Fig. 3) . The range of null-points set by the three groups of females overlap, and both deutan and protan carriers have set null-points on both sides of the normal median. This variation is of interest, as the null-point setting may be related partly to the variations in the spectral position of the long-wave photopigment [59] .
Variations in the Rayleigh MMPs set by normal trichromatic males have been shown to be related to the Ser/Ala polymorphism at amino-acid residue 180 of the L-cone pigment gene [60] . The presence of Ser [3, 60] or Ala [61] [62] [63] at 180 increases or reduces, respectively, an individual's sensitivity to red light. Males have only one X-chromosome and the distribution of Rayleigh MMPs has been shown to be bimodal [64] and to correlate with the Ser/Ala polymorphism at position 180 [60, 65, 66] . Rayleigh MMPs set by females have been found to be significantly different from those of males [64, 67] , most likely because about 50% of all females are expected to have two different L-cone pigments expressed, one with Ser and one with Ala at position 180 [30] . The range of MMPs set by the three groups of females overlap, much in the same way as shown by Jordan and Mollon [6] . That is, deutan and protan carriers set MMPs on both sides of the normal median ( Fig. 2 and Table 4 ). This suggests that females, regardless of whether they are carriers or not, may set their Rayleigh MMPs toward green if they have Ser at 180 and toward red if they have Ala at position 180 of the L-cone pigment gene. This is a factor that complicates the identification of a carrier based on Rayleigh match.
C. Why Do Deutan Carriers and Some Normal Females Show Poor Performance?
Overall, deutan carriers showed reduced color discrimination when compared with the normal females and protan carriers. They performed worse on all tests except the FM100-Hue test. Hood et al. [12] reported a similar result when testing chromatic discrimination along a red-green axis for a square-wave grating, arguing that this was due to the extreme L:M-cone ratio found in deutan carriers. They argued that the more asymmetrical the L:M-cone ratio, the poorer is the subject's chromatic contrast sensitivity [12, 35] . A few of the normal females performed worse than expected on the color-vision tests, and their results were comparable with that of the carriers. It is possible that some of these females might be carriers of color-vision deficiencies.
The variation in performance is largest in the groups of deutan carriers and normal females, even on the FM100-Hue and CCT tests. This could be due to a skewed L:M-cone ratio [58] , but the variation in the number of L-cone pigments expressed and their spectral position needs to be considered too [68] . This could also explain why not all carriers make errors on PIC tests and why some normal females do. Females with just one normal L-cone pigment would be expected to perform as normal males and would not make any mistakes on standard PIC tests. Within the population of normal females that have two L-cone pigments expressed, their performance would be expected to depend on the spectral position of each L-cone pigment and their proximity to the M-cone pigment. Thus, some of those with two L-cone pigments would be expected to perform worse than a female with just one normal L-cone pigment (confer with Ref. [68] ).
The differences in performance between protan and deutan carriers on the PIC tests might be affected by the specific design of each test. The protan and deutan figures on the HRR test use colors from the protan and deutan dichromatic confusion lines, whereas the Ishihara and NTCV tests use a compromise between the two confusion lines [18, 69] . The design of the HRR test also includes a compensation for protan's different V λ function [69] . Thus, when testing with NTCV and Ishihara, protan carriers may gain some benefit from the luminance clues due to their changed V λ function. These factors might be contributing to the fact that deutan carriers performed worse on NTCV, and that several more protan carriers failed HRR than the other PIC tests (Table 3) . Given the high specificity of the HRR test and how well it correlates with the Rayleigh match for color-deficient males [18] , what is the difference between carriers who fail the HRR test and those that pass? Females and carriers who fail PIC tests are not usually included in studies comparing performance between males and females or between normal females and carriers on non-standard color-vision tests (e.g., Refs. [47] , [64] , [67] , [70] , and [71] ; for an exception, see Ref. [20] ). Thus, little is known about how they would fare in comparison with those who make no errors.
The results presented here demonstrate a need for further studies on the geno-phenotype relationship in human female color vision. 
